. Most of what has been published on p38 MAPK signaling refers to p38a, which is ubiquitously expressed at high levels in most cell types. In contrast, p38b seems to be normally expressed at lower levels. The other two family members have more restricted tissue expression patterns. Activation of p38a is induced by most stress stimuli, including UV light, oxidative stress, and heat or osmotic shock, but also when cells are exposed to cytokines, chemokines, hormones, or growth factors. Taken together, it appears that p38a signaling helps cells to adequately respond to changing environmental conditions. The extracellular stimuli usually lead to the activation of MAPKs via a cascade of phosphorylation events that involves at least two other kinases acting sequentially. MAP2Ks directly phosphorylate the activation loop of p38a on Thr and Tyr residues, leading to a conformational change that results in kinase activation. The three MAP2Ks that are known to activate p38a are, in turn, activated by phosphorylation on two conserved residues catalyzed by ten MAP3Ks. Upstream in the pathway, there is more diversity, and the activation of different MAP3Ks involves mechanisms like phosphorylation, ubiquitination, or protein-protein interaction, which facilitate integration of a wide range of signals. There is also evidence for the activation of p38a in particular cases by a noncanonical mechanism based on autophosphorylation, independently of MAP2Ks. Once p38a becomes activated, it can phosphorylate many substrates on Ser or Thr residues. This schematic depicts upstream regulators leading to p38a activation and the myriad downstream targets of p38a.
p38 Substrates as a Source of Functional Diversity A large number of publications have described the implications of the p38a-signaling pathway in multiple functions. However, comprehensive information about the p38a targets that are phosphorylated in response to different stimuli has not been compiled. We have found reports for 96 proteins that can be phosphorylated by p38a. A companion SnapShot that will be published in the February 14 issue will provide additional information about reported substrates, what residues are modified, and functional consequences.
About 55% of the known p38a substrates are located in the nucleus. These are mainly DNA-or RNA-binding proteins that are involved in the regulation of gene expression. There is evidence that 31 transcription factors can be directly phosphorylated by p38a, which in most cases results in the activation of transcription. Recent work has also connected p38a with chromatin remodeling via phosphorylation of BAF60c and p18
Hamlet , which are structural components of the SWI/SNF and SRCAP complexes, respectively. In addition, there are p38a substrates that can regulate mRNA processing (FBP2/3 and SPF45) or stability (HuR and KSRP).
Another important group of p38a substrates comprises proteins that are involved in signal transduction. These include two membrane receptors with Tyr kinase activity, EGFR and FGFR, and ten Ser/Thr kinases, which in turn can phosphorylate additional proteins and diversify the signal. Thus, MSK1 and MSK2 can regulate gene expression by direct phosphorylation of the transcription factors CREB and ATF1 and the chromatin protein histone H3, whereas MNK1 and MNK2 can regulate protein synthesis by phosphorylation of the initiation factor eIF4E. One of the first reported p38a substrates, MAPKAPK-2 (MK2), as well as the closely related MK3 can regulate mRNA stability by phosphorylation of ARE-binding proteins such as TTP or HuR. MK2 and MK3 also play important roles in actin filament remodeling by phosphorylation of Hsp27. Interestingly, some proteins can be potentially phosphorylated by both p38a and one of its downstream kinases, such as the MK2 substrates Cdc25B and HuR, or the MSK1/2 substrate histone H3. This double targeting of downstream substrates might function as a fail-safe mechanism to limit inappropriate effector activation.
A number of cytoplasmic proteins that are involved in different aspects of cell regulation can also be phosphorylated by p38a. This group includes proteins that mediate p38a antiproliferative functions, such as stress-induced cell-cycle arrest (p57 Kip2 and cyclin D1/3), and apoptosis (Bax and BimEL). However, p38a has also been reported to regulate cell survival through the phosphorylation of caspase-3 and caspase-8. Other cytoplasmic substrates of p38a may regulate proliferation and differentiation or specific processes such as cytoskeleton organization and intracellular membrane trafficking. Protein turnover can also be regulated by p38a at different levels either by phosphorylation-induced changes in the stability of the substrates or by phosphorylation of E3 ubiquitin ligases such as Siah2. In addition, p38a may inhibit proteasome activity by phosphorylation of the proteasome subunit Rpn2.
In summary, p38a plays key roles in the stress responses but is also implicated in multiple cellular functions not related to stress. Although many more p38a substrates likely remain to be discovered, the variety of known targets supports the notion that this signaling pathway connects many different stimuli to a broad spectrum of cell responses.
